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> : 

Selected recent results from the HI and ZEUS experiments are reviewed, 
illustrating some of the many facets of "meson physics" at the HERA ep col- 
■ lider. The results cover exclusive elastic and proton-dissociative diffractive 

vector meson production and comparisons with recent theoretical calcu- 
{S| , lations show that perturbative QCD models are successful in describing 

these processes when at least one of the involved scales have large values. 
Furthermore a search for odderon induced exclusive photoproduction of 
pseudoscalar and tensor mesons is described; upper limits for the cross sec- 
I | tions are below recent theoretical predictions. Finally the status of open 

Oh. charm meson spectroscopy in inclusive final states is reported. 

! PACS numbers: 13.60.Le, 25.20.Lj 

>■ 

^ ■ 1. Introduction 

h : 

In the very successful first running period, which ended in 2000, the ep 
collider HERA at DESY yielded more than 100 pb _1 of integrated lumi- 
nosity for each of the two experiments HI and ZEUS. These data provide 
high statistics samples in many interesting areas of physics. In the present 
report, recent results in three such areas, all related to "meson" physics, are 
described. More precisely, the topics of Exclusive Vector Meson Production, 
Production of Pseudoscalar and Tensor Mesons via Odderon Exchange, and 
finally Charm Spectroscopy, are addressed. 

2. Exclusive Vector Meson Production 

The diffractive, exclusive vector meson production process, 

ep^ eVY, withU= p°,u, </>, J/tf, T, (1) 
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and with Y being either a proton (elastic scattering) or a low mass hadronic 
system (proton dissociative scattering), has been extensively studied at 
HERA. Detailed reviews are given in jl], gj. The renewed interest in this 
seemingly simple reaction stems from the fact that the HERA colliding beam 
experiments greatly extend the accessible range both of the center of mass 
energy and of the physics scales which are involved in the process. Thus 
detailed studies are possible both in the soft, low energy regime already ex- 
plored by the fixed target experiments, and in the new regime, where scales 
reach values large enough for perturbative QCD (pQCD) to be applied, i.e. 
where Aqcd is small in comparison. 

Reaction (1) is shown schematically in Fig. la. The virtual photon, emitted 
by the scattered electron, scatters diffractively off the proton to form a 
vector meson. The following quantities will be used in the discussion: 

e 



e ► — 



7 \ 

^ VM 

a) / 




P ► <= *= ► P/Y 

Figure 1: Exclusive vec- 
tor meson production: a) 
schematic diagram, b) pQCD 
approach. 



• Q 2 : The photon virtuality, i.e. the 
absolute value of the squared 4- 
momentum transfer at the electron 
vertex (the generic term 'electron' is 
used for both e + and e~). In the re- 
sults presented here Q 2 ranges from 
~ to ~ 100 GeV 2 . 

• W 7P , or simply W: the CM energy 
of the "f*p system, here in the range 
20 < W w < 290 GeV. 

• t: The squared 4-momentum trans- 
fer at the proton vertex, with 

< |*| < 20 GeV 2 in the present 
results. For small values of Q 2 , |*| 
is well approximated by the squared 
transverse momentum of the pro- 
duced vector meson V, * « —pfy 



The classical approach, based on Regge theory and Vector Meson Dom- 
inance (VDM), gives a successful description of process (1) for the light 
vector mesons and for low values of Q 2 and |*|. Diffr active scattering means 
exchange of the vacuum quantum numbers, and the corresponding Regge 
trajectory is the Pomeron. Predictions in this approach are, among others: 
a slow rise of the cross section with W, i.e. a oc jy ' 2-0 ' 3 , shrinkage of the 
diffractive peak with increasing W, i.e. dcr/dt oc e bt (W/Wo) 4:( - aip ^~ 1 ' > with 
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otp(t) = ajp(0) + a'jpt and b = bo + 4 a^p ln(W/ Wo) , conservation of 
the S-channel helicity (SCHC) and a Q 2 -dependence a oc 1/(Q 2 + M^) 2 . 

In the pQCD approach, Fig. lb, the process (1) is seen as a series of steps, 
well separated by the very different timescales involved (factorization): 

• The virtual photon fluctuates into a qq pair, i.e. into a colour dipole. 

• The qq pair scatters off the proton, in leading order under exchange 
of a pair of gluons in a colour singlet state. 

• The scattered qq pair forms a bound state, the vector meson. 

While the qq scattering can be de- 
scribed within pQCD, the 7 — > qq 
and qq — > V processes are modelled 
with the respective wave- functions. 
In this approach, the cross section 
for (1) is proportional to the square 
of the gluon density g(x,Q 2 ) in the 
proton ||, 

acxa 2 (Q 2 )/Q 6 [xg(x,Q 2 )} 2 , (2) 

where x is the Bjorken x. pQCD 
predictions for reaction (1) are 
partly different from those of the 
Regge and VDM approach. Thus 
the cross section will rise steeply 
with W, due to the increasing gluon 
density in the proton at small values 
of x and the relation xW 2 p « Q 2 , Figure 2: Compilation of cross sec- 
valid for small x at a given Q 2 . Fur- tions for exclusive photoproduction 
thermore, much reduced shrinkage °f ^ ne vec tor mesons p ,LO,(p,J/^ 
of the diffr active peak is expected, and T > as functions of W Jp . 
and SCHC is violated. The Q 2 - Ful1 curves represent fits using 
dependence in (2) is discussed be- Re §g e parametrizations and single 
j ow pomeron exchange. Dashed lines in- 

The HERA data have been exten- dicate ^-dependences as given on 
sively used to demonstrate the va- tne right hand side, 
lidity of the pQCD approach, as the following examples illustrate. 

W-dependence of the cross sections: Fig. 2 shows a compilation of 
cross section measurements a lp ^vp v s- W, for exclusive photoproduction 
of vector mesons at HERA and at lower (fixed target) CM energies. Also 
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the total photoproduction cross section is shown. The slow rise with W, as 
predicted in the Regge approach, is clearly seen for the light vector mesons 
p, oj and <p (and also for the total cross section). However, the rise with 
W is much steeper for the heavier J/\&. The observed H^-dependence can 
easily be related to the increasing proton gluon density at small x values: 
using Ryskin's § proposed scale p 2 = (Q 2 + Mj,^)/4 for photoproduction 

at small \t\, a value p 2 = 2.4 GeV 2 is obtained. At this scale, and at 
small x, the gluon density rises [||] as xg(x) cx x~°' 2 , thus corresponding to 
a oc VF ' 8 , which is in good agreement with the observed 6 ~ 0.7 — 0.8. This 
indicates that the mass of the c-quark can be used as a hard scale in pQCD 
calculations. However, theory uncertainties currently limit the access to the 

proton gluon density via precise measure- 
ments of the VK-dependence of the cross 
section for exclusive heavy vector meson 
production. 

What happens to the V7-dependence of the 
cross section for light vector mesons, if an- 
other scale, e.g. Q 2 , is increased? This is 
illustrated in Fig. 3a, where the cross sec- 
tion for 7*p — » p°p is shown vs. W, for in- 
creasing average values of Q 2 @. The cross 
section steepens in W with increasing Q 2 , 
and soon deviates significantly from the 
"soft pomeron" @ expectation, as seen in 
Fig. 3b where the power 6 from the W 5 fits 
is plotted vs. Q 2 . At Q 2 > 10 GeV 2 the 
values of 5 for the p° cross section are the 
same as for the J/^> (or VP') cross section 
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Figure 3: a) Cross section 
for exclusive p° production, 
as function of W for several 
values of Q 2 . Curves show fits 
to the form W s . b) Values 
of 5 vs. Q 2 , for p°,J/fy and 
ty' . The dotted line shows the 
"soft pomeron" expectation. 



The ^-dependence of the J/^ cross 
section, for increasing Q 2 , is shown in 
Fig. 4aj|]. There is no significant change 
when going to higher Q 2 values, the al- 
ready "hard" behaviour at Q 2 ~ does 
not become still harder. The data are 
well described by the pQCD calculations [^, 
1C], using recent proton parton density 



par ametrizations [11]. 

The l^-dependence of the J/fy cross sec- 
tion also does not change when the other 
scale, \t\, increases in value. This is seen in Fig. 4b, where the cross section 
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is plotted vs. W for two intervals of |i|[12|. The pQCD model calculation 
in Fig. 4b fl3| agrees with the data. 

Q 2 -dependence of the cross section: The cross section (2) contains 
the factor 1/Q G , which is much steeper than the classical, VDM expectation 
1/(Q 2 + My) 2 . However, the 1/Q 6 dependence in (2) is modified by the 
Q 2 -dependence in a s and in the proton gluon density. Effectively, a l/Q n 
dependence is predicted, with n 4 — 5, depending on the Q 2 range. This is 
also borne out in the data. Fig. 5a shows the Q 2 -dependence of the p° cross 
section with a fit to the form 1/(Q 2 + M 2 ) n , with n = 2.60 in the chosen 
fit interval || . It is clear that the whole spectrum cannot be fitted with one 
simple curve of this form, and that at low values of Q 2 the dependence is 
less steep. 
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Figure 4: Cross section for exclusive J/ iff production, as a function of W. 
a) For several values of Q 2 . Curves show fits to the form W s as well as two 
pQCD calculations^, M. b) Photoproduction, for two intervals of \t\. The 
curves show a pQCD calculation [13]. 
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Figure 5: Q 2 dependence of the cross section for exclusive p° production. In 
a) the total p° cross section is shown, in b) ol and ctt are shown separately. 
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Expression (2) is only valid for the longitudinal part of the cross section, 
ctl- In H also the transverse part, <tt, is calculated and predicted to have 
a still steeper Q 2 -dependence, by another factor l/Q 2 . Thus crj, is expected 
to dominate at larger Q 2 -values. Data confirm this prediction; in Fig. 5b 
the <3 2 -dependences of ol and ot are shown separately! 14]. Indeed, the 
Q 2 -dependence of aj_, is even harder than the VDM expectation (n = 2). 
The steepness of the Q 2 -dependence of the cross section is also modified by 
e.g. the Fermi motion of the quarks ||, 15| and the suggestion has been made 
that, beyond the pQCD tests, precise measurements of the Q 2 -dependence 
of the cross section for elastic vector meson electroproduction can reveal 
information also about the wave functions of the vector mesons. 

i-dependence of the cross section: 

New measurements |l~2|, 16] from ZEUS 
and HI of the t-dependence at large \t\ 
of the exclusive vector meson production 
cross section are shown in Fig. 6 for p°, (j) 
and J/fy. pQCD calculations for the light 
vector mesons |L7| predict a dependence 
da/dt cx |i|~ n , n taking values from ~3.8 
to ~4.8. Data however exhibit a flatter 
behaviour. The curves in Figs. 6a and 6b 
show the pQCD calculations in [J0| , which 
is an extension of the BFKL |l{| approach 
taken in 
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. shown for 



Figure 6: 
exclusive p c 
J/* (c) 



|t| [GeV 2 ] 

t-dependence of 



well described, 
heavy quark calculation of 
the J/* data in Fig. 6c. 
Helicity studies: The angular dis- 
tributions involved in the production and 
decay of the vector mesons V in the reac- 
tion 7*p — > V p provide information about 
the polarization states of the photon and 
V. Studies of these angular distributions 
are particularly interesting at large values 
of Q 2 and \t\, since pQCD models (e.g. 

|22|]) make predictions about the polar- 
ization in these regimes. Thus dominance 
is expected of longitudinally polarized vec- 
tor mesons produced by longitudinally polarized photons and violation of 
SCHC is also predicted. 

Three angles are defined in the helicity system, the commonly used reference 
frame: 



and (j) (a-b) and 
photoproduction 
cross sections. Curves show 
the pQCD models |l§] (a-b) 
and 0(c). 
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<I>: in the hadronic ("fp) CM the azimuthal angle between the electron 
scattering plane and the plane containing V and the scattered proton, 

9*: the decay angle of the 2-body decay of V, defined by the positive 
decay particle in the rest system of V , with the quantization axis taken 
as the direction of V in the "fp CM, 

<p: the azimuthal angle of the positive decay particle in the rest system 
of V, i.e. the angle between the V decay and the V production planes. 



The normalized angular distribution W(cos 6*, ip, $) can be written j23[ as 
a function of 15 quantities r^ k ,r^, which are linear combinations of the 
spin density matrix elements (SDMEs). The subscripts i and k take the 
values of the possible helicity states —1, 0, 1. The superscripts and 4 refer 
respectively to unpolarized transverse photons and longitudinally polarized 
photons, superscripts a = 1 and 2 correspond to linearly polarized trans- 
verse photons, and superscripts a = 5 and 6 represent the interference of 
transverse and longitudinal amplitudes. 

In the case of SCHC and natural parity exchange (NPE) the 15 independent 
SDMEs are constrained, and only 5 elements are non-zero. 

HI and ZEUS have performed large statis- 
tics helicity analyses of elastic p° [^4|] and 
[|25| electroproduction. The result for 
the p° analysis is shown for the two ex- 
periments in Fig. 7, where all 15 SDMEs 
have been determined. The prediction 
from SCHC and NPE is shown as dotted 
lines at zero. The two experiments (which 
are in very good agreement with each 
other) deviate significantly from this pre- 
diction in one element, namely ?qq which 
is clearly non-zero. This deviation is pre- 
dicted by the pQCD model of Ivanov and 
Kirschner |2^] , which is everywhere in ex- 
cellent agreement with the data. The ele- 
ment Tqq is approximately proportional to 
the amplitude Tq\ for a transverse photon 
to produce a longitudinal vector meson. 



Im{r;„} 
Re{rj } 



Im{r;j) 
Im{r;„} 



Re{r;„l 




Figure 7: 15 SDMEs from 
exclusive p° electroproduc- 
tion data. Full and dotted 
lines: pQCD calculation [22] 
and SCHC expectation. 



Recently, HI and ZEUS have extended the helicity studies of p° production 
to larger values of Q 2 and fjl], 26]. The HI analysis studies the single 
angular distributions 

W(<S>)ot 1 - e cos 2$(2r 1 1 1 + r£ ) + y / 2e{l + e) cos ®{2r\ x + r 5 00 ) (3) 
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and 



W(cos9*) 



1 



r 01 
' 00 



+ (3r^-l)cos 2 ^ 



(4) 



in each of which the two remaining angles 
polarization parameter e has the value ft 
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Figure 8: Exclusive p° production. \t\ and 
Q 2 -dependence of the SDME combination 
7-qq + 2rfj (top) and Tq + 2rj x (bottom). 
The curves show a pQCD model[^], the 
dotted lines give the SCHC expectation. 



have been integrated over. The 
0.99 in these analyses. 

Fig. 8 shows the determina- 
tion of the SDME combinations 
rjj + 2rf x and r^ + 2r\ x , as 
functions of \t\ and Q 2 . In 
the former combination the el- 
ement Tqq dominates. As seen, 
the previously observed signifi- 
cant SCHC violation in this el- 
ement persists at high values 
of \t\ and Q 2 , and is increasing 
with \t\. The ~ \/\t\ behaviour, 
which is predicted by pQCD for 
the combination Tq + 2r\ x , de- 
scribes the data well. 
In the second combination the 
element Tq dominates. At 
large values of \t\ and Q 2 sig- 
nificant SCHC violation is ob- 
served. Also Tq corresponds 
to the probability for a trans- 
verse photon to produce a lon- 
gitudinal vector meson. Data 
are consistent with the pre- 
dicted ^linear |t|-dependence. 
Note that a significant non-zero 
value for 7q is not seen in the 
earlier studies (Fig. 7) at low \t\ 
and moderate Q 2 values. 

The determination of the el- 
ement Tqq from the angular 
distribution (4) is shown in 
Fig. 9, as function of \t\ and 
Q 2 . The ^-dependence is con- 
stant, as predicted in pQCD. 
Note that data from two differ- 
ent Q 2 ranges are shown; is 
strongly increasing with Q 2 . 
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The element Tqq represents the probability to produce a longitudinal vector 
meson, from either a transverse or a longitudinal photon. It can be directly 
related to the ratio R = glI^t = V e ' r oo/(l ~~ r oo)- This relation is 
valid in the SCHC approximation, i.e. if SCHC is assumed (in view of the 
previous findings, this is not quite correct and leads to a few % overestimate 
in R). The R values determined from are shown in Fig. 10 as a function 
of Q 2 and are well described by a pQCD calculation [p7|]. For details of the 



deviation from the naively expected linear Q 2 dependence^ see [27]. 
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Figure 10: Exclusive p° pro- 
duction. Q 2 dependence of 
the ratio R = (Jl/vt in the 
SCHC approximation. The 
curve shows the pQCD model 

of 



Figure 9: 

SDME Tqq in exclusive p° production. The 
curve shows the pQCD model 
tion for the lower Q 2 range. 

The examples given above have amply demonstrated that the quark mass, 
as well as Q 2 and t all can serve as a hard scale in pQCD calculations. 
The pQCD approach gives a successful description of exclusive vector me- 
son production at large values of these scales, where the traditional "soft" 
approach, using VDM and Regge theory, fails. It should however be re- 
membered that the HERA data not only confirm pQCD calculations, but 
also inspire further development of the theory, in particular where the data 



are NOT described; a recent example is given in [16|, where the helicity 
structure of high \t\ photoproduction data is not reproduced by any of the 
available pQCD models. 

The coverage of the transition region in all involved scales makes HERA 
an ideal place for these studies. Much enlarged statistics for further ad- 
vances in this field will soon be available, both in the remaining, still to be 
analyzed, HERA-I data, and from the coming years of high luminosity run- 
ning at the upgraded HERA-II. In particular it will then be interesting to 
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see global analyses, using exclusive vector meson production data in com- 
bination with inclusive measurement results, like structure functions, jet 
analyses and inclusive charm production. Such global analyses should yield 
the ultimate reachable precision and consistency in the parton densities and 
in the pQCD description of the various reactions, and eventually lead to a 
deeper understanding of the nature of diffraction. 



3. Search for Odderon Exchange 



The developments in QCD in the last 20 years have led to the under- 
standing of Pomeron exchange as an exchange of two gluons, the simplest 
system for exchanging the quantum numbers of the vacuum. Similarly, the 
exchange of three gluons, also called Odderon exchange, is now recognized 
as an important and basic prediction of pQCD. After the early seminal pa- 
pers [||] established the Odderon as the C = P = — 1 "partner" of the 
Pomeron, several authors have suggested suitable reactions for its discov- 
ery, based upon asymmetries due to Pomeron-Odderon interference [29], or 
exploiting the specific quantum numbers of the Odderon exchange in exclu- 
sive production processes. However, cross sections calculated in pQCD for 
such exclusive production are in general very small and hardly accessible 
even with the HERA-II data. 

Recently, large cross sections for Odd- 
eron exchange in soft, exclusive photopro- 
duction processes have been predicted pTfl, 
using a non-perturbative QCD approach 
based on the Stochastic Vacuum Model 
(SVM) |32|| . This model is very success- 




Figure 11: Odderon-photon 
(Pomeron-photon) fusion, 
leading to C-parity +1 (—1) 
exclusive final states. 



ful in describing a variety of data[33], also 
data from HERA. Its extension, including 
Odderon exchange in which the proton (a 
quark-diquark system in the model) is ex- 
cited into a P = — 1 N* state, leads to 
predictions for the exclusive photoproduc- 
tion of pseudoscalars and tensor mesons, reactions to which Pomeron ex- 
change cannot contribute. The predicted cross sections are large enough to 
be seen at HERA, and HI have made a search for such reactions. 
The difference between Pomeron and Odderon exchange is obvious in the 
diagram of Fig. 11. While Pomeron exchange results in C = —1 final states, 
Odderon exchange leads to C = +1 final states. Multi-photon exclusive 
final states can then easily be separated into the two classes: even number of 
photons have C = +1 (Odderon exchange), odd number of photons C = —1 
(Pomeron exchange). Candidate multi-photon final states are e.g. ir° — > 
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-> 7r°ry — > 47, all with C 
57, both with C = —1. 



+1, 



2 7 , / 2 (1270) -> 7r°7r° -> 4 7 and a 2 (1320) 
and u; — > 77r° — ► 37 and 61 (1235) — » w/r — 

The photons were detected in the backward calorimeters of HI and the scat- 
tered electron in the small angle electron tagger (tagged photoproduction). 
The 37 mass spectrum [ 34 1 for the exclusive three-photon sample is shown 
in Fig. 12. Only events which are candidates for the final state 771"° are 
included. A clear uj peak is seen above the background. The preliminary 
cross section (at W yp f» 200 Gev), a(-fp up) = (1.25 ± 0.17 ± 0.22) fib 
agrees very well with the expectation from the W s dependence for uj pho- 
toproduction (see Fig.2). 
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Figure 12: Three photon invari- 
ant mass, for 771"° event candi- 
dates. Model prediction and ex- 
pected background (hatched and 
white histograms) are also shown. 
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Figure 13: Two photon invariant 
mass, for exclusive two photon event 
candidates. The expectations from 
background and model are shown as 
hatched and white histograms. 



The measurements in the 3-photon and and also 5-photon final states (77J — > 
utt°X, not discussed here) are interesting in themselves, but for the present 
purpose can be taken as proof that the photon and tt° detection with the 
HI detector is well understood. Turning now to the C = +1 multi-photon 
final states, the 27 mass spectrum of exclusive two-photon events f35|| is 
shown in Fig. 13. Only very few events are seen, compatible with the 
expected background, and there is no indication of a ir° peak. This is in 
stark contrast to the expectation from the model prediction, > 100 events. 
Taking all events below the generous tt° mass cut as signal events, the upper 
limit a(-f P ^ ir°N*) < 49 nb (95% CL) 

is derived, for < W >= 215 GeV and the range 0.02 < \t\ < 0.3 GeV 2 
covered by the experiment. The limit is clearly below the predicted cross 
section of > 200 nb. Note that the limit is given for the N* final state, 
since in this case a neutron from the iV* decay was detected and used in 
the trigger. 



47 mass distributions 1 34] are shown for 7r°7r° and ir°ri final state candidate 
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events in Figs. 14a and 14b, respectively p4|] . Again, the data are consistent 
with the expected background, and lie below the model prediction for ex- 
clusive /2(1270) and a2(1320) resonance production via Odderon exchange. 
The (still preliminary) upper limits are in these cases (95 % CL) 

o{lP ®> / 2 (1270)X) < 16 nb and a(jp A a 2 (1320)X) < 96 nb, 
to be compared to the model predictions of 21 and 190 nb, respectively. 



H1 Odderon Search - 4y sample 



H1 Odderon Search - 4y sample 
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+ Background MC 




1 — • HI data, preliminary 
I [ Signal MC: a 2 -» 4y 
Background MC 



2 2.5 

A .(GeV) 




0.2 0.4 0.6 0.8 



Figure 14: Four photon invariant mass, for a) tt°tt° and b) TT°rj event can- 
didates. Also shown are the expectations from model and background 
(hatched and white histograms). Vertical lines indicate the 72 and 02 mass 
regions for the upper limits derivation. 

Thus, no evidence of Odderon exchange was found at the cross section levels 
predicted by the Stochastic Vacuum Model. This result is currently not 
understood. A possible explanation could be that the Odderon intercept a© 
is much smaller than unity; the SVM predictions are made for W = 20 GeV 
and ao > 1. Indeed, a© < 0.7 is compatible with the upper limit for 
exclusive ir° photoproduction and also with alternative predictions [36]. 
Nevertheless, the search at HERA for the Odderon will be continued, both 
with higher statistics for the above reactions (noting that the upper limit 
for /2(1270) production is just below the model prediction), and in other 
final states where e.g. predictions of asymmetry due to Pomeron-Odderon 



interference [29] can be tested. 



4. Open Charm Spectroscopy 

The study of inclusive heavy quark production at HERA has many 
facets, see e.g. the extensive review in (|37|| . In LO QCD, charm quarks are 
produced via the Boson-Gluon- Fusion (BGF) diagram in Fig. 15a. The pho- 
ton interacts pointlike. Taking photon structure into account ("resolved" 
photon), the diagrams in Figs. 15b and 15c contribute, with either a gluon 
or a c quark interacting with the gluon from the proton structure. In the lat- 
ter case ("charm excitation") the photon remnant will also contain a charm 
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quark. Thus, charm production gives access both to the gluon density of 
the proton (direct sensitivity via BGF) and to the charm content (charm 
structure function) of the proton and photon. The c quark mass together 
with Q 2 provide hard scales for pQCD calculations of charm production, 
and the HERA data are used to test these calculations. 




Figure 15: Diagrams contributing to charm production in LO QCD. 
a) boson-gluon fusion, b) and c) resolved photon interactions. 



However, the fragmentation of the charm quarks, once produced, cannot 
be predicted in pQCD. Non-perturbative, empirical models of the charm 
fragmentation can be tuned with the measurements at HERA and elsewhere, 
and by comparison of HERA ep data with data from e + e~, 77 and pp 
collisions the principle of universality of charm fragmentation can be tested. 
Thus, charm spectroscopy is an important aspect of heavy quark physics at 
HERA; here, some recent results from the HI and ZEUS measurements of 
D-meson production are presented. 



"„ 2800 




.1 012 012 012 

Figure 16: D-meson spectroscopy. 
The rings indicate the states stud- 
ied so far by HI and ZEUS. 



The spectroscopy of D-mesons is 
shown in Fig. 16. The states which 
are ringed have so far been ad- 
dressed in the HERA studies. The 
access to these states is so far lim- 
ited to decay modes into final states 
consisting of charged particles only. 
They include the L = states, 
namely the pseudoscalar D-mesons 
and the vector Z)*-mesons, as well as 
the heavier P-wave states. A search 
has also been made for radially ex- 
cited .D*-states. 

The experimental detection is based 
on two different techniques, either a 
lifetime measurement, using a high 
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precision vertex detector to locate the charmed meson decay vertex, or the 
well-known Am technique, utilizing the limited phasespace (mass difference 
~ 10 MeV) for the decay L>*(2010) -> Dn s , where ir s is a "slow" pion. 
D-meson production cross sections: New measurements of the pro- 
duction cross sections for all pseudoscalar D-mesons (the data are shown in 
Fig. 17), as well as for the D*(2010), are available from Hl|3§]. They are 
based on the HI silicon vertex detector (CST) data and the D + measure- 
mentfl is the first at HERA. 



• HI pre! 



untagged 




> 

% 
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I I Gaussian signal 
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1 1 1 1 

1.7 1.8 
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m(Kjin) [ GeV/c 2 ; 



1.9 2 2.1 
m(KKjl) [GeV/c 2 ] 



1 .05 
m(KK) 



1.1 

[ GeV/c 2 



HI 

Prel. 


Visible Cross Section (nb) 


Measurement 


LO QCD 


D+ 
D° 

Df 
D *+ 


2.16 ±0.19 tof 5 
6.53 ±0.49 ±f 30 

i.67 ±0.41 tin 

2.90 ±0.20 till 


2.45 ±0.30 
5.54 ±0.69 
1.15 ±0.30 
2.61 ±0.31 



Table 1: Visible cross sections for D- 
meson production, compared to the LO 
QCD (AROMA 2.2) prediction. 



Figure 17: Inv.mass distributions of a) 
K^, b) i^Fyr^, c) (j)^ -» K+K"^ 
and d) K + K~ . Curves show fits of Gaussian 
signals + background. HI preliminary data 
using the CST vertex detector. 



The measured visible cross sec- 
tions are given in Table 1. The 
kinematic range of the measure- 
ments is 

2 < Q 2 < 100 GeV 2 , 

0.05 < y < 0.7, 

P_l(D) > 2.5 GeV and 

\n(D)\ < 1.5, 
where y is the inelasticity and r\ 
the pseudo-rapidity. 



The cross sections in Table 1 are compared to the Leading Order (LO) 
QCD prediction, obtained with the Monte Carlo (MC) generator program 
AROMA 2.2 p9|. Good agreement with the data is observed. Note that 



1 The charge conjugate states are always implicitly included. 
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both the measured and the predicted cross sections include contributions 
from decays of b flavoured hadrons into D-mesons. These contributions are 
taken from the AROMA simulation and the cross section measurements are 
converted into fragmentation factors /(c — > D), using the expression 



a~(ep -> eDX) - a^f is c (ep -» bb -» eDX) 



r MC 



[ep 



cc 



eDX) 



f w .a.{c -> D), 



where the fragmentation dependence f w . a . (the world averages of the charm 
fragmentation factors are used in the hadronisation part of the MC simula- 
tion) has been removed. The resulting measured fragmentation factors are 
given in Table 2 and compare well with the world average values [40], which 
are dominated by the LEP e + e~ results. 

Since the cross sec- 
tion measurements 
are all made in 
the same kinematic 
range, ratios of the 
fragmentation fac- 
tors can be used to 

, , ,. , ,. calculate several in- 

lable 2: Measured charm fragmentation factors com- ^ 

pared with the world average valuesEof. f reS m § ^l uan 1 ies > 

4 — 1 characterizing the 

fragmentation. Thus the fraction of vector mesons Py produced in the 
fragmentation, the ratio R u /d of u and d quarks participating in the charm 
fragmentation, and the strangeness suppression factor 7 S are given by the 
following expressions, where VM and PS stand for the number of vector 
mesons and pseudoscalar mesons, and BR are branching ratios: 



HI 

Prel. 


Fragmentation Factor 


Measurement 


World Average 


D+ 
D° 

Dt 
D *+ 


0.202 ±0.020 is 

0.658 ±0.054 +82J! +_° °oll 

n i r.a +n rvn + a036 + - 050 
U.IOD ±U.U4J -0.035 -0.046 

o 2fis ±0 oi q +a056 + 031 

u.zoj rtu.uiy _ .042 -0.022 


0.232 ±0.018 
0.54q ±0.026 
0.101 ±0.027 
0.235 ±0.010 



'V 



P' 



VM 
PS + VM 

Ifjc 



D* + ) 



D + ) + f(c^D* 



Is 



R 



u/d 



f(c^D + ) + f(c^D°) 
f(c -> D°) - f(c -> D*+) BR(D* 



BR{D* + -» D°ir + ) 

2f(c^Dt) 
f{c^D+) + f(c^D°) 

D°TT + ) 



f(c^D + ) + f(c^D* + ) BR(D 



D°TT ' 



In the ratio P'y isospin invariance has been used, i.e. it is assumed that 



/(c-» D*+) = /(c-» D*°). 
The obtained numbers, P v = 0.693 ± 0.045 ± 0.004 ± 0.009, R u/d = 1.26 ± 
0.20 ± 0.13 ± 0.04 and 7 S = 0.36 ± 0.10 ± 0.01 ± 0.08, agree well with the 
world average values (calculated using Q) of 0.601 ± 0.032, 1.00 ± 0.09 
and 0.26 ± 0.07, respectively. The ZEUS measurements [41] of 7 S = 0.27 ± 
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(b) 



0.05 ±0.07 and P' v = 0.546 ±0.045 ±0.028 also compare well with the world 
average and with the HI measurement of P v = 0.613±0.061±0.033±0.008, 
respectively. 

The world average values of these frag- 
mentation sensitive ratios are domi- 
nated by the LEP e + e~ results. Thus 
one may conclude that the hypothesis 
of charm fragmentation universality is 
well supported by the HERA ep data. 
It is argued in [ 42 1 that different pro- 
cesses may be sensitive to different as- 
pects of fragmentation, and that univer- 
sality may not hold. 
Observation of P-wave states: 
ZEUS observe two neutral states, us- 
ing an "extended Am" tagging method, 
in which still another pion with the 
correct charge was added to the D* 
candidate combination J43|] . The corre- 
sponding mass distribution is shown in 
Fig. 18. A fit which includes two Breit- 
Wigner shapes, folded with the reso- 
lution and including the expected he- 
licity spectra (J p = 1 + and 2 + ), de- 
scribes the data (Fig. 18b). The two 
states agree in mass and width with 
the L = 1 states previously seen in 
e + e~ collisions, namely L>^(2420) and 
^°(2460)[g4|]. The fragmentation fac- 
tors determined by ZEUS, f(c — > D^) = 
1.46 ± 0.18 toi* ± 0.06 % and f(c -> 
D* 2 °) = 2.00 ± 0.58 tof 8 ± 0.41 %, also 
agree with the previous measurements. 



2.3 2.35 2.4 2.45 2.5 2.3 2.35 2.4 2.45 2.5 

MfKniyg - M(Kmg + M(D') (GeV) 

Figure 18: Mass distribu- 
tion AM** = M(K7TTT S 7T 4 ) - 

M(if7T7r s )+M(£)* ± (2010)). The 
fits are described in the text. 

ZEUS 

• ZEUS (prel.) 1 995-2000 (1 27 pb" 1 

Fit : Gauss + A (AM e> 

N(D* -> D^K" ) = 62 ± 9 




2.6 2.65 
, + M(K°) PDQ (GeV) 



Figure 

AM ext 
M(Ktttt 



19: 



Mass distribution 

M(KtT1T s 7T37T4) — 

M(7r 3 7T 4 ) 



The mass spectrum in Fig. 18 is compli- 
cated by the indication of a third mass 
state, not previously seen. Fig. 18c 
shows a fit with an added Breit-Wigner 
shape for a new hypothetical state at 
~ 2.4 GeV. Is it an interference effect, 
a fluctuation, or indeed a new state? 
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The strange-charmed P-wave state D sl (2536) is also observed by ZEUS| 
in the "extended Am" distribution AM ext = M(Kirir s 7r 3 7r 4 ) - M(Kttit s ) - 
M(7r37T4), in which the two additional pions form a Kg. The statistics in 
Fig. 19, 62 ± 9 events, are not enough to establish the spin-parity, decay 
distributions are compatible both with 1 + , 1~ and 2 + . 

Nevertheless, both mass and width and the fragmentation factor, f(c — > 

Dfj) = 1.24 ± 0.18 tom ± 0-14(br.) %, are in good agreement with the 

previous e + e~ observations |44|| . Not understood is the fact that f(c — > 

D~±) > 7 S • /(c — > D°), meaning that the strangeness suppression, which 

was determined using the 5-wave states, seems not to be valid for this P- 

wave state. 1 - ?J 

Finally, ZEUSJ43] have also searched for 



ZEUS 1995-2000 
Preliminary 110 pb" 1 



,f t 




the narrow state seen by DELPHI [ 46 1 at 
2637 MeV and decaying into D* ± 7r + 7r _ . 
At this mass, radially excited D*-mesons 



M(Kiny! 4 Jt,) - MfKnnJ + M(D ) (GeV) 

Figure 20: Mass distribution 
AM*' = M(Kirir s ir 4 Tr 5 ) - 
M{Ktttt s ) + M(D* ± ). The in- 
sert shows the signal expecta- 
tion corresponding to the up- 
per limit. 



are expected [47]. The search method is 
again an "extended Am" combination, 
AM*' = M(Ktttt s 7r 4 7T5) - M(Ktttt s ) + 
M(D* ± ), where two pions 7r + 7r have 
been added to the D*^ candidate combi- 
nations. The mass spectrum in Fig. 20 
shows no significant peak, and an upper 
limit is set, 

R D *>±^D*±ir+n-/D*± < 2.3%(95% C.L.), 

which contradicts the DELPHI observa- 
tion. The upper limit can also be ex- 
pressed as a limit on the corresponding 
fragmentation factor, 
/(c • BR(D*' + -» D* + ir+Tr-) 
< 0.7 %(95% C.L.). OPAL and CLEO 
[fS| also could not confirm the DELPHI 
observation, and OPAL gave the value 
0.9 % for this limit. 



In conclusion, the Charm Spectroscopy is a very active field in the HERA 
physics, and it will greatly profit from the HERA-II luminosity upgrade and 
from the recent HI and ZEUS detector improvements, in particular in the 
areas of triggering, tracking and vertex detection. 
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